I. INTRODUCTION
When observing the Earth from spaceborne or airborne platforms with the use of imaging sensors such as synthetic aperture radar (SAR) or electro-optical cameras, it is possible to e.g. observe climate change, classify forest and crop types, and monitor effects of earthquakes. In the case of an optical sensor, the image is obtained during an extremely short time which is decided by the shutter opening time. In the case of a SAR system, however, the data is gathered over seconds and even minutes. On further comparison of the two types of sensors, SAR is able to operate in bad weather and during the night. SAR is also capable of detecting change and movement. It is possible to detect e.g. moving ships or other vehicles on the ground. Such information can be used for many different applications, e.g. surveillance of ships and traffic [1] [2] [3] [4] . In order to obtain good results for the purpose of traffic monitoring, the SAR system should be equipped with at least two antennas physically separated in the flight direction. The reason is that combining the antennas allows for strong suppression of stationary scatterers, i.e., clutter [5, 6] .
In narrowband (NB) SAR, which also can be referred to as conventional SAR, the bandwidth of the signal is normally small compared with the center frequency, often less than 10 percent. Two examples of conventional SAR systems are the spaceborne Radarsat-2 [7] [8] [9] and TerraSAR-X [3, 10] . Such systems often have integration angles of less than 10 deg. For these conditions SAR processing algorithms such as chirp scaling (CS) [11] are very efficient in forming the images. NB SAR systems often operate at high center frequencies. This allows for a high resolution in the SAR image in terms of both range and azimuth, even when only a low integration angle and a low relative bandwidth are available. However, for each frequency band, the higher the resolution, the better the ability to detect and separate targets. If very high resolution is of interest, larger relative bandwidths and larger integration angles are needed. In these cases, ultrawide signal bandwidth and ultrawide beamwidth are needed. We denote such systems UWB-SAR systems.
If there is an interest in imaging the ground in forested areas, the foliage penetrating (FOPEN) capability characteristic of low frequency (LF) SAR can be utilized. LF SAR systems must at the same time make use of UWB SAR in order to obtain good resolution. Furthermore, having wavelength resolution such as CARABAS-II [12] allows for resolution cell often smaller than the scatterer. This gives unique capabilities to separate e.g. target from trees. To clarify further, in this paper we use the terminology that stationary scatterers are clutter. This should be understood by the fact that with a UWB system at low frequencies, the number of scatterers per resolution cell is less than one. This is a unique property that leads to very stable clutter signature between illuminations and the high performance, for example in change detection [13] . LF SAR in combination with UWB is related to extreme conditions such as very long integration times as well as a hyperbolic target range history. These conditions demand that either algorithms such as range migration algorithm (RMA) [14] or any of the family of backprojection algorithms, e.g. global backprojection (GBP) [15] , are used if good image quality is to be obtained. When combining foliage penetration with the previously mentioned SAR abilities, it is possible to detect changes under foliage [13] .
Usually in SAR images, the signature of a moving object is contained in one range cell. In this case, a one-dimensional matched filter can be applied locally in order to focus the moving target. However, the signature of moving objects in UWB SAR images spreads over multiple range cells. In these cases, a one-dimensional matched filter will be insufficient. Therefore, the refocusing method needed to obtain a high resolution SAR image of the moving target based on a SAR image depends strongly on the system parameters.
Many methods have been presented that estimate the speed of moving targets in SAR imagery [16] [17] [18] [19] [20] [21] [22] [23] [24] . In [22] a method for estimating normalized relative speed (NRS) is given using subapertures. There are also methods which estimate target acceleration, as presented, e.g., in [17] . When using single channel SAR, only one degree of freedom is usually available for parameter estimation. Because of this, only the speed parameter in the along-track or the across-track direction can be measured, while the use of more antennas allows for more degrees of freedom. Some recent publications show solutions on how to estimate more than one parameter using single channel SAR data [18] . Once the parameters have been estimated, it is also important to obtain a focused SAR image. Different methods have been suggested for this process. For instance, based on an estimate of the speed parameter, GBP can be used to form a focused, very small SAR image that surrounds the moving target [23] . Other methods apply a matched filter to the final SAR image or use an interpolation in the 2D frequency domain such as in [24] , allowing for high-quality refocusing of SAR images with long integration times, such as those produced by UWB SAR systems. It must be noted again that this assumes constant relative speed. In the refocusing methods given in [24] , the basic assumption is that the original SAR image was produced to image stationary objects on the ground. This paper presents a method to estimate the speed of a moving object and to refocus it. Here we consider estimation and assume that the target has been detected. The presented method can be used for detection, however this is left out in this presentation. The estimator is operating on the phase information of a SAR image. The model of the phase information is a more general version compared with the one developed in [23] . The refocusing equation is derived for a general case when the original SAR image was formed with an arbitrary focusing speed, making it more general compared with [24] where only stationary speed was considered. Further benefits of the method are that the size of image for refocusing can be any, as long as it is rectangular. To our knowledge, both the estimation method and the refocusing method are new and can be used independently of each other. Moreover, in this paper an approach of how to combine the methods is presented.
The paper is divided into eight sections. In Section II the radar model used and the theory of SAR moving target focusing employing NRS are presented. In Section III an analytical expression is given for the phase of a moving target in a SAR image. The procedure for obtaining the NRS estimate is presented in Section IV and in Section V the refocusing method is derived. Section VI shows results based on simulations. In Section VII, results using a real SAR image with a simulated target superimposed is presented. Finally, in Sections VIII and IX the findings are discussed and conclusions drawn.
II. THE RADAR MODEL AND MOVING TARGET FOCUSING
To estimate speed of and to refocus a moving target in the SAR image, a model is needed. The model used in this paper is based on a set of assumptions. We assume a point target, a nonaccelerating flying platform above a flat Earth and that the start-stop approximation is valid. However, as discussed later, the platform motion compensation is already done in the image formation. Thus, a signal model where the received signal is a time-shifted and attenuated version of the transmitted signal is attained. Given any radar signal, the pulse-compressed signal before SAR processing for a target is given by (1)
where ¿ is fast time, p(¿ , t) is the magnitude of the pulse-compressed signal, t is slow time, R t (t) is the range history to target, c is the speed of light, and f c is the center frequency of the radar signal. If a target is moving on the ground during the SAR illumination time at a constant speed, i.e., with no acceleration, we can parametrize the position according to where t 0 is the time where the distance is at the minimum between the target and the platform and (x 0 , y 0 ) is the position of the target at minimum range.
In the same coordinate system we can also write the movements of the SAR platform with constant speed v p , moving parallel with the x-axis. The platform movements can be written as
and the range between the target and the platform in Cartesian coordinates can be described according to
Now, if we want to make a SAR image in which we focus a target with the parameters x 0 , y 0 , v x , v y , we can rewrite (4) using image coordinates. They take on the following form
Identifying the t 2 coefficients in (4) and (5), we get the NRS°t as well as expressions for the image coordinates X t and Y t of target positions according to [25] 
and
where t 0 = X t =v p from (5) was used [25] . Based on this expression for a moving target range history, we Fig. 2 . SAR image formation geometry with respect to moving target. In figure, X t is aircraft position, and Y t is range between the aircraft and target, at t = t 0 . Integration time is here denoted by t n .
are able to process the SAR scene using
where°p is the processing NRS, X p is the azimuth image coordinate, and Y p is the slant range image coordinate in order to focus all targets with°t =°p. The geometries are illustrated in Fig. 1 and Fig. 2 .
III. PHASE OF A MOVING TARGET IN A SAR IMAGE
Starting with the expression for the pulse-compressed signal given in (1), we know that we can focus a moving target if°p =°t. At the same time as we focus a moving target, all scatterers with other NRSs will become defocused and therefore all stationary targets will defocus or smear.
In SAR processing, phase is fundamental. When looking at a defocused target, information about its phase will be essential in order to be able to estimate the speed of the target. Therefore, finding the phase from a target with°t in a SAR image processed at°p is important.
Using the GBP integral [15] combined with NRS [19] , the image response can be represented by (10) , where X p and Y p are the processed SAR images pixels and s pc is the pulse-compressed target radar echo [26] . To evaluate the integral in (10) and derive the phase component of the moving target impulse response, i.e.,
we use the approximation of stationary phase [27] . In order to find the time of the stationary phase t st , we take the first derivative with respect to time in the phase component of (10) and set it to zero. The time of stationary phase is shown to be
In the phase component of (10), we leave out j4¼f c =c in the coming derivations and try to simplify it after inserting t = t st from (12) . To start with, we use the difference of two squares in (13) and obtain (14)
Equation (12) can be rewritten in the following form (15) Substituting (15) into (14), the following expression is obtained
(16) Thus, we can write the final expression for the phase in the SAR image by multiplying with 4¼=¸c in (16) as
Since R p (X p , Y p ,°p, t st ) and R t (t st ) are very large in relation to the extension of the object after smearing in the SAR image, we can make the approximation
and (17) can therefore be approximated by
IV. ESTIMATION PROCEDURE
The phase in (19) indicates that the phase in azimuth can be described as a quadratic function.
By estimating this quadratic term we can find°t. In our model we assume one target, clutter, and noise. These three components of the signal are assumed to be added together. In [28] it is shown that high SNR allows for approximating the phase as a sum of the phase from the signal and phase noise. Using this approximation, and that we assume that the slant range of the target is known, we can write the phase in the SAR image in azimuth direction according to [28] as (20) where n(X p ) is a phase noise component from clutter, RF interference, receiver, and SAR algorithm. We now use the method presented in [28] . We sample the phase of a range bin £ p,s in the given SAR image. This range bin in the SAR image is denoted by S(X p ).
The number of pixels used is experimentally decided. In this paper all pixels within the 3 dB width were used. Having extracted these pixels, we can find the second derivative of this sequence bÿ
where
is the finite difference operator [28] . This second derivative is of interest as it directly corresponds to a 0 in (20) . We suggest that the same estimator for the chirp rate as proposed in [28] and [23] is used, namely a best linear unbiased estimation (BLUE) estimator. The estimate is then
where C is the covariance matrix of the second derivative of the phase from n(X p ). By obtaining an estimate of a 0 , we can estimate°t by identifying the quadrature term of (19) together with (20) . Using the fact that for pixels close to the image point (X t , Y t ), R t (t st ) can be assumed to be constant and approximately equal to minimum range to target; the relation between a 0 and°t found from (19) 
In [29] a moving target and a stationary scatterer were placed at the same position in the SAR image and the estimation accuracy was investigated by comparing if C was based on the contributions from n or on assuming n to be white noise. The results did not indicate any difference between the two cases unless in a special case when the image was formed for°p = 1. For this reason as well as for simplicity, C is in this paper used in its simplest form, namely based on a white noise approximation. 
V. REFOCUSING IN A SAR IMAGE
The idea is to refocus the moving target based on a processed SAR image. In comparison to [24] however, the image does not need to have been formed for°p = 1, but could be created using arbitrary relative speed within the limits 0 < jv rel j < 2jv p j. In this paper, we propose a refocusing algorithm. First, one unfocused subimage of any size is selected. This image is transformed to wave domain by a two-dimensional fast Fourier transform (FFT). Wave domain is here understood to be the domain the SAR image is in after applying two-dimensional Fourier transform. In this domain the refocusing is applied using a reinterpolation of the wave domain image. Then this signal is transformed back to the image domain and if the correct°p is used the target will be focused. Range migration can be described by the change of variable
where k R is the range wave number, k ½ stat is the slant range wavenumber when focusing a stationary ground, i.e.,°p = 1, and k x is the azimuth wavenumber. If instead a moving target is to be focused, the azimuth wavenumber needs to be rescaled with the NRS of that moving target, corresponding to [30] 
However, if the original image is processed at an arbitrary NRS°p, the slant range wavenumber for that speed will be [30] 
and all moving targets with the NRS°p will be focused. If there is a moving target with°t 6 =°p, that target will not be focused. To focus the moving target at°t from an image focused at°p, the following procedure should be carried out.
1) Select an area surrounding the moving target in the image processed at°p.
2) Transform subimage to the wave domain.
3) Apply the coordinate transform given by (28) which is found by inserting (27) in (26) . 
4) Multiply with (29)
k ½ stat exp h ¡jr 0 (j q (°2 p ¡°2 t )k 2 x + k 2 ½ stat j ¡ k ½ stat ) i q k 2 ½ stat + k 2 x (°2 p ¡°2 t ) :(29)
VI. SIMULATION RESULTS
In this section we present simulation results that illustrate how speed can be estimated and a moving target refocused using the approach outlined above. The simulations are based on parameters chosen for an LF SAR system onboard an airborne platform at a distance close to the imaged ground scene, leading to a large integration angle even at short integration times. In Table I , the sensor system parameters for the simulation are given.
The procedure in which the refocusing and estimation were made is illustrated in Fig. 3 . First, subimages are extracted from the image and then each subimage is focused by iteratively estimating and refocusing until the target is focused. The estimated value of°t for the subimage is the estimate of the target NRS,°t. After all subimages are refocused, they are combined together to form the complete SAR image.
For the simulation, six targets with different speeds were chosen. The speeds of the targets are found in Table II . Based on the originally obtained image, Fig. 4 , the signatures for each target are extracted, thus producing six smaller images. For each of these images, the estimation procedure described in Section IV was used to obtain an NRS estimate. The images were then refocused according to the procedure presented in Section V. In these refocused images, new estimates were obtained and the images are once again refocused. For each of the targets, up to three iterations are made. After this, the small focused images of the targets produced by the process are combined and the final result is shown in Fig. 5 . The azimuth displacement of target C in the image seen in Fig. 5 can be understood by the non-zero v y , causing X t 6 = x 0 according to (7) . In Table III , the NRS estimates obtained for all targets are found, as well as the errors denoted ±°t . The errors are larger for the targets having larger j1 ¡°tj, thus leading to longer convergence times.
VII. REAL DATA RESULTS

A. Measurement Scene
To investigate the performance of the method when using real data, a simulated moving target was inserted into a real SAR image obtained by the CARABAS-II system [12] . The SAR measurement was conducted on the Island of Visingsö on the lake Vättern in Sweden. Also in Table I , the CARABAS-II parameters for this specific measurement and the moving target parameters are given. The target has been inserted into a forested area of the original SAR image which can be seen in Fig. 6 . The weak signature of the unfocused moving target can hardly be seen in Fig. 7 , i.e., the zoomed part of Fig. 6 . In order to evaluate the method, it is important to find the signal level in relation to surrounding clutter and noise, and therefore parameters like signal-to-clutter ratio (SCR), signal-to-noise ratio (SNR), clutter-to-noise ratio (CNR), and dynamic range of SAR scene are of interest. In this work we have chosen the integral method defined in [31] to evaluate the properties. According to this definition, SCR in dB scale is given by Fig. 6 . SAR image of Visingsö where simulated moving target has been synthetized and placed in the forest. White corresponds to weakest intensity and black to strongest intensity. Fig. 7 . Zoom-in of simulated moving target which has been added to SAR scene. White corresponds to weakest intensity and black to strongest intensity.
In (30) S is the impulse response for the moving target after focusing and A S,3 dB its resolution area. R CC is the autocorrelation of the clutter, A R CC ,3 dB its correlation area, and m(R CC ) the mean of the autocorrelation.
As a simulated target was inserted, the SCR was chosen and calculated easily. The energy of the target was found from an image without clutter surrounding. The SCR was in this case selected to be 5.7 dB. Similar to SCR, the CNR and SNR were calculated. The clutter energy was found from the imaged forest 1 Dynamic range of SAR scene is defined as the ratio of the energy of strongest reflecting object in the scene to the noise energy. The scene is in this case shown in Fig. 6. in Fig. 7 and the noise energy was found from an open water area near the forest. From this and the measured CNR, the SNR was obtained as shown in Table IV . In Table IV , the dynamic range of the SAR scene is also shown. The dynamic range of the SAR scene was calculated as the ratio between the energy in the strongest reflecting object in the scene of Fig. 6 to the noise level. This dynamic range should therefore not be confused with the total dynamic range of the system which is higher. A very notable number is the CNR of only 10 dB. This relates to the very low backscatter from trees at these low frequencies. In fact, at LF both forest attenuation and backscatter are low and therefore at LF targets hidden even in dense forest can be detected [13] .
B. Measurement Results
The scene with the moving target superimposed is shown in Fig. 6 and a zoomed-in version is depicted in Fig. 7 . The pixels are extracted and the processing scheme illustrated in Fig. 3 , using (24) for estimation, is applied. The number of focusing iterations for the moving target was set to three.
In Figs. 8 and 9 the subimage processed at°p =°t is shown in the surroundings of other subimages processed at°p = 1, i.e., for stationary scatters. The target subimage can easily be identified to the other parts of the image with a focused target in the middle and all other parts appearing as white. The moving target is well focused with the method and the brightness of the target is at the same level as the strongest clutter scatterers in the surrounding subimages. This is expected in this case with an SCR of only 5.7 dB. However, the most amazing result is the strong suppression of the clutter in the target subimage. The reasons for the suppression are mainly two: the radar system operates at LF and that the system is a UWB system. Normally for microwave SAR systems the backscattering from forest is caused by volume scattering in the foliage. At LF, however, the scattering occurs mainly by the trunk ground interaction, and the scattering can therefore mainly be considered as a one scatter scattering mechanism. In UWB systems the scatterers' size is commonly larger than the resolution cell. Therefore, with the used system there will be a low density of scatterers per resolution cell, even in the forested area, and in fact there will be many resolution cells per scatter.
The low density of scatters will not lead to a normal speckle process but rather to the situation that each scatter will smear, resulting in unfocused scatters that will have much lower peak values. The effect will be lower levels on peaks from the clutter areas. However the total energy is the same in both cases. For large integration angles this defocusing effect is large as seen, and it is also illustrated in [19] . In this experiment, the target had an NRS of 1.0155 and the estimate obtained after the third and last iteration was 1.0150, giving an error of 0.0005. For a target moving only in azimuth, this corresponds to a speed of 2 m/s, and an estimate of 1.93 m/s which gives a relative error of 3.5%. On the other hand, for a target moving only in range, this corresponds to 22.76 m/s and an estimate of 22.39 m/s, which gives a relative error of 1.6%. The estimate is thus close to the true value of the target NRS, showing that even in the case where the simulated target is superimposed into clutter that partly covers the signal, this proposed approach appears to work.
VIII. DISCUSSION
In order to obtain good results, the platform should preferably be located close to the imaged scene. The reason is that for shorter integration times, the dynamics change less for the moving targets and that high resolution SAR images are produced in short time. Another advantage is that this allows the platform to fly at a lower speed, allowing for higher accuracy when conducting the speed measurement since the accuracy of the actual speed measurement is related to the ratio between the target speed and the platform speed. It should be noted, however, that the method does not depend on these observations, it only performs better when they are in place. What should be remembered, also, is that the refocusing is made based on processed SAR images in which the stationary objects have been focused, i.e.,°p = 1. This means that motion compensation has already been performed between the stationary objects and the moving platform, and therefore the moving target focusing can more easily be done. However, the model of no acceleration in (2) strongly depends on radar system parameters and actual target motion. Anyhow, it has been shown at LFs that the model in (2) works on real targets for very long integration times [19, 23] . One should further note the ability to apply the refocusing method for detection purposes.
IX. CONCLUSIONS
This paper proposes an approach to estimate the speed of a moving target and to refocus it. The estimation of relative speed is based on a chirp estimator that makes use of the target phase. Focusing is made in subimages where the SAR image is transformed to the wave domain and compensated according to the target NRS°t and the NRS used in SAR processing of the image. The estimation and the focusing are then combined in an iterative process. The approach is illustrated with one simulation and one test in which a simulated target is superimposed onto a complex SAR image. We can conclude that even when the peak of the moving target signal is at the same level as the peaks of the surrounding clutter, the target can be refocused successfully. The refocused target can also be combined with the original SAR image, thus providing the end user with good information on where the target was located in relation to the surroundings as well as the magnitude of its NRS. To conclude, we can say that the simulated and real results show that the proposed approach to estimate and refocus appears to be functional. 
